This work presents an amplified colorimetric biosensor for circulating tumor DNA (ctDNA), which associates the hybridization chain reaction (HCR) amplification with G-Quadruplex DNAzymes activity through triplex DNA formation. In the presence of ctDNA, HCR occurs. The resulting HCR products are specially recognized by one sequence to include one GGG repeat and the other containing three GGG repeats, through the synergetic effect of triplex DNA and asymmetrically split G-Quadruplex forming. Such design takes advantage of the amplification property of HCR and the high peroxidaselike catalytic activity of asymmetrically split G-Quadruplex DNAzymes by means of triplex DNA formation, which produces color signals in the presence of ctDNA. Nevertheless, in the absence of ctDNA, no HCR happens. Thus, no triplex DNA and G-Quadruplex structure is formed, producing a negligible background. The colorimetric sensing platform is successfully applied in complex biological environments such as human blood plasma for ctDNA detection, with a detection limit corresponding to 0.1 pM. This study unambiguously uses triplex DNA forming as the pivot to integrate nucleic acid amplification and DNAzymes for producing a highly sensitive signal with low background.
, helicase-dependent amplification (HAD) 7 and hybridization chain reaction (HCR) 8 have the potential to revolutionize detection and monitoring of ctDNA. Among them, HCR, an enzyme-free amplification technique, has superior strengths, such as, less hassle in operating conditions, cost effectiveness, sensitivity and simplicity 9, 10 . Based on HCR amplification, a variety of targets have been successfully determinated, including nucleic acids, small molecules and proteins [11] [12] [13] . For instance, Miao et al. proposed two strategies for miRNA detection based on hybridization chain reaction. One took advantage of the strategy that analyte triggered nanoparticle localization on a tetrahedral DNA modified followed by HCR amplification 14 , the other is based on HCR-mediated localized surface plasmon resonance (LSPR) variation of silver nanoparticles (AgNPs) 15 . Xie et al. developed an aptasensor assay for lipopolysaccharides based on HCR 16 . Zou et al. reported an universal platform for nucleic acids, small molecules and proteins, which integrated HCR with the assembly of gold nanoparticles (AuNPs) 17 . Although there are many advances about HCR in the design of biomarker assays, it still needs to develop new methods, which can efficiently amplify target and produce a highly sensitive signal with zero background.
Here, we proposed an amplified colorimetric strategy for highly selective and sensitive detection of the ctDNA, which employed the triplex forming oligonucleotides (TFOs) to specially recognize the dsDNA products of HCR and synergistically form the asymmetrically split G-Quadruplex structure. The resulting G-Quadruplex structure bound with hemin and formed the asymmetrically split G-quadruplex/hemin complex with high peroxidase-like activity, which catalyzed the oxidation-reduction reaction of 2,2′ -azino-bis (3-ethylbenzothiozoline-6- color change was achieved by the naked eye or with a spectrophotometer. To the best of our knowledge, we have for the first time used the triple-helix DNA forming technique to combine the HCR products and the asymmetrically split guanine-rich DNA sequences, and achieved colorimetric and visual detection of the ctDNA sequence with highly sensitive signal and negligible background.
Results and discussion
Principle of the proposed method. The principle of the proposed colorimetric sensing system is depicted in Fig. 1 . It involves five oligonucleotides, H 1 , H 2 , Initiator, L 1 and L 2 . H 1 and H 2 are designed to contain the hairpin structures and have 18-base stems, 6-base loops and 6-base sticky ends, which are stable and have no chance to hybridize with each other at room temperature. When the sequence Initiator is introduced in the system, the steady state of H 1 and H 2 is disturbed by the hybridization of Initiator and H 1 , and then triggering a chain reaction for alternating addition of these two hairpins, yielding a chain-like assembly of H 1 and H 2 . The HCR product with a strict duplex formation has an iterative 30-base homopyrimidine·homopurine druplex DNA region, which is specifially recognized by a third homopyrimidine or homopurine single-strand DNA by Hoogsteen or reverse Hoogsteen hydrogen resulting in the structure of triplex DNA. The sequence L 1 has two portions, a portion with 15-base homopyrimidine, which has the capability of sequence-specific recognition of the major groove of homopyrimidine·homopurine druplex DNA of HCR product, the other portion with the one-fourths of the G-quadruplex sequence. Similarly, L 2 also has two functional parts, one part with 15-base homopyrimidine that can recognize homopyrimidine·homopurine druplex DNA of HCR product and form the triplex DNA, the other one to include the three-fourths of the G-quadruplex sequence 18 . Under certain conditions, the homopyrimidine parts in L 1 and L 2 specially recognize the major groove of homopyrimidine·homopurine dsDNA in the HCR product. Based on the simple rule of complementary Hoogsteen hydrogen bonding, the triplets, CG·C + and TA·T, are obtained 19 . In other words, the triplex DNA is successfully formed by HCR products, L 1 and L 2 . Meanwhile, the two asymmetrically split parts in L 1 and L 2 assemble to form a special G-quadruplex structure. The special G-quadruplex structure can bind with hemin and form the asymmetrically split G-quadruplex/hemin complex with high peroxidase-like activity, which can catalyze the reaction of ABTS 2− and H 2 O 2 . Thus, a detectable color change is achieved by the naked eye or with a spectrophotometer.
Feasibility of the proposed method.
To clearly demonstrate the triplex DNA forming by L 1 , L 2 and HCR products, we chose the iterative 30-base homopyrimidine·homopurine druplex DNA region in HCR products as the target dsDNA, as shown in Fig. 2a . In the presence of dsDNA, L 1 and L 2 recognized the major groove of homopyrimidine·homopurine. Through the synergistic effect, the triplex DNA and asymmetrically split G-quadruplex configurations were formed by dsDNA, L 1 and L 2 . The special G-quadruplex structure bound with hemin and became an active DNAzyme. As depicted in Fig. 2b , in the absence of dsDNA, the absorbance value of the oxygenation product ABTS ·− at 420 nm was about 0.1 at the 180 seconds time point. However, in the presence of dsDNA, the value was about 1.2. Therefore, it indicated that the two asymmetrically split G-rich parts of L 1 and L 2 assembled to form an active G-quadruplex structure in the presence of the homopyrimidine·homopurine sequences dsDNA. Furthermore, to investigate the configuration change of this process, we carried out the native polyacrylamide gel electrophoresis (PAGE) under different conditions, with dsDNA, L 1 and L 2 as the controls. As exhibited in Fig. 2c asymmetrically split G-quadruplex/hemin DNAzymes as the catalyst of producing signals with the aid of forming triplex DNA had certain feasibility.
To ensure the success of HCR reaction as designed, the agarose gel electrophoresis assay was employed. As depicted in Fig. 3a , from lane 1, lane 2, lane 3 to lane 4, the concentrations of Initiator DNA were 0.0 μ M, 1.0 μ M, 0.4 μ M, 0.1 μ M, respectively. In the absence of Initiator, the HCR reaction could not carry out because there was only one band of H 1 and H 2. By the addition of different concentration Initiator, the HCR reactions took place, and the band of H 1 and H 2 disappeared. It was noted that the concentration of Initiator was lower, the length of HCR products was longer. It suggested that higher concentration of Initiator opened more H 1 , which led more parallel polymerization reactions to carry out at the same time, generating shorter HCR products, which was in good accordance with some previous literatures [20] [21] [22] . In order to verify the feasibility of the proposed method, the H 2 O 2 -ABTS 2− reactions were investigated under different conditions. (Figure 3b ) The absorbance of the mixture of H 2 O 2 and ABTS 2− had little change within 180 s (curve (1)). Similarly, by the addition of hemin (Fe-protoporphyrin IX), an iron-containing prosthetic group among a diverse group of proteins, with weak peroxidase-like activity, the absorbance of the mixture H 2 O 2 and ABTS 2− also had inappreciable change within 180 s as well (curve (2)) 23, 24 . In the absence of Initiator, the absorbance of the mixture H 1 , H 2 , L 1 , L 2 , hemin, H 2 O 2 and ABTS 2− had weak change within 180 s (curve (3)), due to the mildly enhanced peroxidase-like activity of hemin by abridged guanine-rich single-strand sequences L 2 possessing three GGG repeats. Upon addition of Initiator, the absorbance of the mixture H 1 , H 2 , L 1 , L 2 , hemin, H 2 O 2 and ABTS 2− occurred obvious change (curve (4)). These results suggested that Initiator disturbed the steady state of H 1 and H 2 . The resulting HCR products were successfully recognized by L 1 and L 2 . Through the synergistic effect, the triplex DNA and asymmetrically split G-quadruplex configurations were formed. The special G-quadruplex structure bound with hemin and formed the asymmetrically split G-quadruplex/hemin complex with high peroxidase-like activity, which could catalyze ABTS 2− and H 2 O 2 . The colored signals visible to the naked eye were in good accordance with that of the absorbance changes at 420 nm. Therefore, the proposed strategy was feasibility and it worked as designed.
Circular dichroism (CD) spectroscopy has great superiority in exploring the DNA configuration. To further understand the principle of the proposed assay, CD spectroscopy was measured under different cases. As displayed in Fig. 3c , there was no apparent characteristic peak for
respectively. However, by the addition of Initiator, the CD spectroscopy of H 1 + H 2 had a positive cotton effect peak at about 218 nm, an enhanced positive peak at about 270 nm and negative peak at about 242 nm. It indicated that Initiator triggered the HCR between H 1 and H 2 , and produced a chain-like assembly of H 1 and H 2 . Moreover, by the introduction of L 1 and L 2 , the CD spectroscopy of the mixture (Initiator + H 1 + H 2 ) had an obvious negative peak appeared at about 210 nm, which was characterized as the forming of triplex DNA 25, 26 . There was a positive peak near 270 nm and negative band around 240 nm in the CD spectroscopy of Initiator + H 1 + H 2 + L 1 + L 2 , suggesting that the typical parallel G-quadruplex structures were formed by L 1 and L 2 with the help of triplex forming 27 . Effect of the experimental conditions. The proposed colorimetric sensing system was established based upon recognizing and detecting the HCR product by means of synergy effect of triplex DNA and the asymmetrically split G-quadruplex forming, which bound with hemin and catalyzed the reaction of ABTS 2− and H 2 O 2 . Herein, some key factors included in the system may affect the sensitivity of the colorimetric assay, such as the temperature and pH of the reaction solution, concentrations of H 2 O 2 , ABTS Figure 5a displayed the time-dependent absorbance changes of ABTS ·− upon different concentrations of Initiator. When the concentration of Initiator was higher, the absorbance changes increased in their intensities. In the absence of Initiator, feeble absorbance change was observed. Thus, the blank response of the time-dependent absorbance changes of ABTS ·− was negligible. The calibration curve corresponding to the absorbance changes observed after a fixed time interval of 180 s upon analysis of different concentrations of Initiator was described in Fig. 5b . The calibration plots (Fig. 5b, Inset) exhibited a linear relationship between the absorbance value of the oxygenation product ABTS ·− (λ max = 420 nm) and the logarithm of Initiator concentrations in the range from 0.5 pM to 500 pM, the linear regression equation was A = 0.2094 Log (C Initiator /pM) + 0.2743, where A was the absorbance value of ABTS ·− (λ max = 420 nm) at the 180 seconds time point, C Initiator was the concentration of Initiator. The correlation coefficient R was 0.9937. The detection limit was 0.1 pM (3σ /slope). Compared to the previously reported DNA colorimetric sensing strategies (as shown in Supplementary Table S1) 13, 17, 28, 29 , the present work possessed high sensitivity.
Generality of the proposed method. The proposed method is able to detect other nucleic acid sequences, including miRNA and DNA, with the aid of elaborately designed hairpin Capture probes (as shown in Fig. 6 ). The Capture probe consists of two main parts. One is the Target recognition element represented by pink color, which is in the stem and sticky end of the hairpin Capture probe, in order to easily recognized Target nucleic acid sequence. The other is the Signal amplification element expressed in red color, which mainly concentrates in the loop of the Capture hairpin structure, to avoid non-specially triggering HCR. In the absence of Target nucleic acid sequence, the Signal amplification DNA sequence is firmly locked in the hairpin Capture probe. Thus, no HCR happens and no color change is discovered. In the presence of Target nucleic acid sequence, the Capture hairpin structure is opened and the Signal amplification DNA sequence is released. Hence, HCR takes place and the characteristic green color is observed. These suggest the generality of the proposed method in nucleic acid detection. Furthermore, the proposed method can be extended to assay other targets, by using aptamer technology, such as small molecules, proteins and cells [30] [31] [32] .
Circulating tumor DNA (ctDNA) detection. As a proof-of-concept, a circulating tumor DNA (ctDNA) was chosen as the model analyte of interest, which was a remarkable biomarker due to the high frequency of mutations of the PIK3CA gene in breast cancer (PIK3CA E542 KM (c.1624 G > A), 5′ -AGT GAT TTT AGA GAG AG-3′ ) 33 . The hairpin DNA sequence (5′ -AGA GAG AGA AGA GAG GAA GAG GAA CTC TT CT CTC TCT AAA ATC ACT-3′ ) was introduced as Capture probe to recognize ctDNA. In the presence of ctDNA, the Capture Figure 7a depicted the time-dependent absorbance changes of ABTS ·− upon analysis of different concentrations of ctDNA. As the concentration of ctDNA was lower, the absorbance changes weakened in their intensities. In the absence of ctDNA, the blank response of the time-dependent absorbance changes of ABTS ·− could be negligible. The calibration curve corresponding to the absorbance changes observed after a fixed time interval of 180 s upon analysis of different concentrations of ctDNA was described in Fig. 7b . The absorbance value of ABTS ·− (λ max = 420 nm) at the 180 seconds time point showed a good linear correlation with the logarithm of ctDNA concentrations in the range from 0.5 pM to 500 pM, with a detection limit as low as 0.1 pM (3σ /slope) and the correlation coefficient R 0.9956. Compared to some other reported ctDNA detection methods (as shown in Supplementary Table S2 ) [33] [34] [35] , this approach has the following good performances: (1) With the aid of triple-helix DNA forming, the HCR amplification and the high peroxidase-like catalytic activity of the G-Quadruplex DNAzymes are combined, and thus, high sensitive colorimetric signals can be achieved for ctDNA detection. (2) The signatures of enzyme-free and visualization give this approach a potential for point-of-care testing in clinical analysis.
To validate the specificity of ctDNA detection system, three sequences of the one-, two-, and three-base mutations ctDNA (1), ctDNA (2), and ctDNA (3), respectively, were prepared as analytes to test. Figure 7c depicted the time-dependent absorbance changes of ABTS ·− upon analysis of ctDNA, ctDNA (1), ctDNA (2), ctDNA (3), all at a concentration of 500 pM, and without any analytes. The calibration column corresponding to the absorbance changes observed after a fixed time interval of 180 s was demonstrated in Fig. 7d . The spectral changes of the two-base and three-base mismatched analytes ctDNA (2) and ctDNA (3) were almost identical to the background signal of the system. However, the one-base mismatched ctDNA (1) was easily distinguished from ctDNA. It suggested that the system had high selectivity.
To evaluate the feasibility of the assay in real samples, human blood plasma samples voluntarily provided by healthy people were tested and the DNA extraction procedures from blood plasma were described in Methods. To detect ctDNA in human blood plasma samples, 1: 10 dilution of human blood plasma samples was analyzed alone or spiked with 10 pM, 50 pM and 100 pM ctDNA. As shown in Table 1 , the obtained results corresponded with the same concentrations provided in Tris-Ac buffer. The relative standard deviations (RSDs) for the three samples were all below 6%, exhibiting the adequate accuracy and good reproducibility of the present sensing strategy. It suggested that this colorimetric sensing had good anti-interference performance in the detection of ctDNA in blood plasma samples. Hence, the approach had a great potential in the field of cancer early diagnosis and drug resistance in advanced cancers.
In conclusion, an ultrasensitive colorimetric sensing platform for circulating tumor DNA (ctDNA) was established, by using triple-helix DNA forming as a pivot to combine the hybridization chain reaction (HCR) amplification and the high peroxidase-like catalytic activity of the G-Quadruplex DNAzymes. This work provides a feasible method for the quantitative detection of ctDNA with high sensitivity, selectivity, and a detection limit of 0.1 pM (3σ /slope), as well as satisfactory accuracy and reproducibility in human blood plasma samples. This design strategy can be used not only for ctDNA detection, but also can be further expanded to other biomarkers, involving other nucleic acid sequences, small molecules, proteins and cells, based on the elaborate design of the structures of capture probes. Although this study offers a costless and simple sensing platform for colorimetric and visual detection of ctDNA with a highly sensitive signal and negligible background, it still does not meet the needs of the clinical analysis. Therefore, the later studies will focus on the sensitivity and point-of-care testing of the strategies for nucleic acid detection. Circular dichroism studies. Circular dichroism (CD) spectroscopy experiments were measured on the Jasco J-810-150S spectropolarimeter at room temperature employing a quartz cell with a 0.1 cm path length. CD spectra were collected from 205 to 300 nm and with a scanning speed of 100 nm/min and 0.2 nm intervals. All CD spectra were baseline-corrected for signal contributions due to the buffer and were the average of at least three runs. The process was as follows: Agarose gel electrophoresis. The 2% agarose gel contained 1 × 4 S Red Plus Nucleic Acid Stain, freshly prepared at laboratory, was used to perform the agarose gel electrophoresis analysis. The loading sample was mixed with 10 μ L of DNA sample, 2 μ L 6 loading buffer. The electrophoresis was carried out at a constant voltage of 100 V for 90 min, then the gel was imaged with a digital camera under UV irradiation. Sample preparation. The study protocol was approved by the ethic committee of Zhongshan Medical College, Sun Yat-sen University. Informed consent was obtained from each subject. All these experiments were performed in accordance with the relevant guidelines and regulations. Blood samples were gathered from healthy volunteers in our lab. Plasma samples were obtained by centrifugation of blood for about 5 min with a rotation rate of 3000-4000 rpm.
Native polyacrylamide gel electrophoresis (PAGE)
Samples analysis. DNA was isolated using the EZ-10 Spin Column Blood Genomic DNA Purification Kit (Sangon Biotech.) following the manufacturer's protocol. The procedure is depicted simply as follows: First, 100 μ L of PBS solution was added in 100 μ L plasma sample, and the solution was mixed. And then the aboved solution mixed with 20 μ L Proteinase K, 200 μ L Buffer CL was added, the obtained solution was stirred vigorously for well mixing, incubating for 10 min at 56 °C water bath. Second, 200 μ L ethyl alcohol was added to the above solution, and stirred vigorously for complete mixing. Transfer the prepared mixture to the spin column. Centrifuge for 1 min at 8,000 rpm. Discard the collection tube containing the flow-through solution. Place the column into a new 2 mL collection tube. Add 500 μ L of CW1 solution (with ethanol added). Centrifuge for 1 min at 10,000 rpm. Discard the flow-through and place the column back into the collection tube. Add 500 μ L of CW2 solution (with ethanol added) to the column. Centrifuge for 2 min at maximum speed ( ≥ 12,000 rpm). Discard the collection tube containing the flow-through solution and transfer the column to a sterile 1.5 mL microcentrifuge tube (not included). Add 50 μ L of CE Buffer to the center of the column membrane to elute DNA. Incubate for 3 min at room temperature and centrifuge for 2 min at 12,000 rpm. Discard the purification column. Use the purified DNA immediately in downstream applications. The following DNA analysis is similar to the ctDNA assay procedure.
